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Artificial modulation of magnetic structure on a monatomic layer scale has been examined in Co/Ru
superlattices. The samples alternating Co 1 ML and Rux ML ~x51 – 4, ML: Monatomic Layer
thickness! were prepared. Sharp fundamental and satellite peaks corresponding to superlattice
structures are seen in the x-ray diffraction profiles for all the samples. Forx51, furthermore,
high-resolution transmission electron microscopy observation indicates the formation of an ordered
structure with hexagonal-close-packed stacking of alternate Co and Ru atomic planes. The
magnetization measurements show that only 1 ML difference in the Ru thickness has significant
influence on the magnetic structure. The results are consistent with the first-principles calculations.









































80The recent development of thin film preparation tec
niques has made it possible to fabricate ordered alloys w
layered structures artificially. In a previous paper,1 we re-
ported the artificial fabrication of a CuAu type ordered stru
ture (L10) by alternate deposition of Fe~001! and Au~001!
monatomic layers. TheL10 ordered FeAu alloy is ferromag
netic with a large Fe moment exceeding 2.2mB , a large per-
pendicular magnetic anisotropy, and the magnetooptical K
spectra indicating the change in electronic structure.1–3 Fur-
thermore, Fe(xML !/Au(xML) superlattices~x51 – 4 with a
step of 0.25 ML: Monatomic Layer thickness! were also pre-
pared, and the perpendicular magnetic anisotropy was fo
to oscillate as a function ofx with a period of 1 ML,4 reflect-
ing the change in interface morphology; this confirms
precise layer thickness control on a monatomic layer sc
for our samples. The interlayer exchange coupling betw
Fe through Au was also investigated using Brillouin lig
scattering, and the results agreed well with the first princip
calculations.5 However, the interlayer coupling was simp
ferromagnetic with uniform magnetic structure forx<4. For
the development of artificial, new magnetic materials, it
significant to challenge to the limit of artificial modulation o
magnetic structure. In this letter, from such a point of vie
Co and Ru are selected as constituents of superlattices
the artificial modulation of magnetic structure on a mo
atomic layer scale are examined.
In the equilibrium phase diagram, Co and Ru form so
solutions for all the compositions, but no ordered alloy e
ists. Good epitaxial growth for hexagonal-close-pack
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~hcp!-Co/Ru~0001! was previously reported6 in spite of large
lattice mismatch of about 8%. Several studies6–9 were made
to date for Co/Ru superlattices with comparatively large
thicknesses, which showed large antiferromagnetic coup
of Co even for a few atomic layers of the Ru thicknes
Therefore, we could expect the formation of an artificial a
tiferromagnet by alternating Co and Ru on a monatom
layer scale.
The samples were prepared on polished single cry
sapphire (112¯0) substrates by ultrahigh vacuum~UHV!
deposition with two independente guns under a pressur
better than 8310211Torr. Co 1 ML and Rux ML were
alternately deposited at 70 °C on a 200 Å thick epitax
Ru~0001! buffer. The Ru thickness,x, was varied in the
range from 1 to 4 ML. The epitaxial growth of samples w
confirmed byin situ reflection high-energy electron diffrac
tion observation. The deposition rates for Co and Ru w
typically ;0.04 Å/s, and the layer thicknesses were co
trolled on the basis of the values monitored by quartz cry
thickness monitors. The structure of the artificial lattice w
evaluated by x-ray diffraction~XRD! with CuKa radiation,
and by high resolution transmission electron microsco
~HRTEM! using a JEOL JEM-4000EX TEM. The magnet
zation was measured by a superconducting quantum inte
ence device magnetometer.
Figure 1 shows the u–2u XRD profiles for
Co(1 ML!/Ru(x ML) superlattices~x51, 2, 3, and 4!. In ad-
dition to sharp fundamental~0002! and ~0004! peaks~indi-
cated by the asterisks!, several satellites~indicated by the
arrows! corresponding to coherent layered structures are
served for all the samples. Forx51, particularly, the super-
lattice ~0001! and ~0003! peaks are clearly seen, indicatin
the formation of an ordered structure with alternate stack
or
-
6 © 2001 American Institute of Physics
































1437Appl. Phys. Lett., Vol. 78, No. 10, 5 March 2001 Himi et al.of Co and Ru monatomic layers. Figure 2~a! shows a
HRTEM image forx51. The image was taken along th
@101̄0# zone axis of a hcp Ru buffer. There is perfect e
taxial matching between the Ru buffer and the Co/Ru sup
lattice. The TEM image together with the selected area e
tron diffraction ~SAED! pattern confirm that the Co/R
superlattice has a hexagonal crystalline structure.~0001! su-
perlattice reflections are also observed as indicated by ar
heads in the SAED pattern, indicating that alternating pla
in the @0001# direction of the hexagonal lattice are differen
A Fourier filtered image obtained from the marked area
Fig. 2~a! is shown in Fig. 2~b!, in which alternating~0002!
planes of the hexagonal lattice show apparently differ
contrast with the other alternating planes. Weak diffu
streaks in the diffraction pattern along the@0001# direction
indicate stacking faults exist in the stacking sequence of
basal planes. In order to investigate the in-plane structure
x51, XRD was performed by rotating the sample in t
(101̄0) plane with 2u fixed at an appropriate angle. Figure
shows the two-dimensional mapping of XRD isointens
contours around the (112¯4) peak in a (101¯0) reciprocal lat-
tice plane. From the position of the (112¯4) peak, the lattice
constants of the hcp structure are determined to bea
52.642 Å andc54.134 Å.
Figure 4 shows the magnetization curves measured a
K for x51 – 4. Forx53, the magnetization shows definite
ferromagnetic behavior with perpendicular magnetic anis
ropy. Forx52 and 4, on the other hand, no residual mag
tization appears and the susceptibilities are very small, in
cating strong antiferromagnetic coupling between Co lay
FIG. 1. XRD profiles for Co~1 ML!/Ru(x ML)( x51 – 4) superlattices. The
asterisks and the arrows indicate the fundamental peaks and the sa















Thus, only 1 ML difference in the Ru thickness has sign
cant influence on the interlayer coupling, and conseque
on the magnetic structure. Furthermore, it is pointed out t
Co layers are almost completely separated with Ru lay
and the effect of direct ferromagnetic contacts due to brid
between Co layers is negligible even when the Ru thickn
llite
FIG. 2. ~a! Cross-sectional HRTEM image with the corresponding SAE
pattern inset for a@Co~1 ML!/Ru~1 ML)] 100 superlattice.~b! Fourier filtered
image obtained from the marked area in~a!.
FIG. 3. Two-dimensional mapping of XRD isointensity contours around
(112̄4) peak for a@Co~1 ML!/Ru~1 ML)] 100 superlattice.




















































1438 Appl. Phys. Lett., Vol. 78, No. 10, 5 March 2001 Himi et al.is reduced to 2 ML. However, the magnetization behavior
x51 is somewhat complicated: the ferromagnetic com
nent really exists, but the magnetization does not satu
easily. This suggests the coexistence of ferromagnetic
antiferromagnetic coupling.
The experiments are compared with the first princip
calculations of electronic structures for Co(1 ML)/Ru(xML)
superlattices~x51, 2, 3, and 4!. For both ferromagnetic and
antiferromagnetic states, the self-consistent electronic st
tures were calculated by the linearized muffin-tin orbi
method with atomic sphere approximation in the framew
of the local spin density approximation. The structures c
sisting of hcp stacking of atomic planes were assumed.
the calculations forx51, the experimental values of lattic
constants~a52.642 Å c54.134 Å!, were used. Forx52, 3,
and 4, the out-of-plane lattice spacings were determine
be consistent with the positions of fundamental~0002! peaks
in the XRD profiles. The in-plane lattice constanta was var-
ied in the range from 2.650 to 2.7058 Å. 2.7058 Å is t
lattice constant for pure Ru. Table I shows the calcula
magnetic moments of Co and the differences in the ca
lated total energy per Co 1 ML between the ferromagne
and antiferromagnetic states. Forx52, 3, and 4, the calcu
lated results are shown only in the case ofa52.7058 Å since
the calculated results do not depend sensitively ona. The
calculations indicate that the interlayer coupling between
layers is ferromagnetic forx53, and antiferromagnetic fo
x52 and 4. These are in good agreement with the exp
ments. Forx51, according to the calculation, the interlay
FIG. 4. Magnetization curves at 30 K for Co~1 ML!/Ru(xML)( x51 – 4)
superlattices. The magnetic field was applied in perpendicular (H') and
















coupling should be antiferromagnetic. Therefore, we c
sider that the interlayer coupling forx51 is basically anti-
ferromagnetic; however, there are considerable amount
bridges between Co layers with direct ferromagnetic c
tacts, resulting in the experimental magnetization cur
shown in Fig. 4.
It is noted that the Co magnetic moment is estimated
be approximately 0.2mB for x53, which is much smaller
than in the calculation. A possible origin for this discrepan
is the incompleteness of layered structures in real samp
i.e., the compositional mixing between Co and Ru, sin
alloying Co with Ru leads to significant reduction of the C
moment.10
In summary, Co(1 ML)/Ru(xML) (1<x<4) superlat-
tices with coherent layered structures were prepared, and
artificial modulation of magnetic structures has been exa
ined. The effect of direct contacts due to bridges between
layers is negligible forx down to 2 ML, and it has been
found that only 1 ML difference inx has strong influence on
the magnetic structure, which is in good agreement with
first principles calculations. The magnetization curves fox
51 suggest the coexistence of ferromagnetic coupling du
Co bridges and intrinsic antiferromagnetic coupling.
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TABLE I. Results of the first principles calculations of magnetic mome
of Co and the differences in total energy per Co 1 ML between ferrom
netic ~F! and antiferromagnetic~AF! states for Co~1 ML!/Ru(xML)( x
51 – 4) superlattices.
x ~ML ! 1 2 3 4
Magnetic moment Co
~F! @mB# 0.959 65 1.156 41 1.237 91 1.121 9
~AF! @mB# 1.106 80 1.195 49 1.155 65 1.177 7
E(AF)2E(F) @mRy/Co# 21.191 50 20.405 50 0.860 50 20.584 50
Stable magnetic state AF AF F AF license or copyright; see http://apl.aip.org/apl/copyright.jsp
